INTRODUCTION
The small lymphocyte has been regarded as a completely differentiated cell representing the end stage of lymphoid maturation. This opinion has received support from many experimental observations including the lack of deoxyribonucleic acid (DNA) synthesis in these cells (1) , their low rate of protein synthesis (2, 3) , and their long life span (4, 5) . On Received for publication 15 September 1967 and in revised form 15 November 1967. cellular (6) and humoral (7) immune reactions has been firmly established. Moreover, it has been demonstrated that these cells have the ability to grow and divide in vitro under the action of phytohemagglutinin [PHA (8, 9) ], as well as several other substances. The rapidly growing knowledge about the "reactivity" of the small lymphocyte has raised interest about the regulation of protein synthesis in these cells. Knowledge of the macromolecular metabolism of their RNA is a necessary prerequisite for a basic understanding of such regulation.
The metabolism of RNA has been previously investigated in several types of mammalian cells, and two different patterns have emerged. The first one has been observed mainly in proliferating tissue culture cells, such as the HeLa, L, or FL types. In these cells, the newly synthesized nuclear RNA appears to consist of a polydisperse "giant" RNA [60-80S (10) ], whose function is not well defined, and a 45S ribosomal precursor molecule (11, 12) . This 45S ribosomal precursor RNA is rapidly split to a 35 and an 18S molecule, the latter being immediately transferred. from the nucleus to the cytoplasm. The 35S RNA is in turn cleaved to a 28S ribosomal RNA which then enters the cytoplasm (13) . This sequential pattern was recently confirmed by the study of the methylation of RNA in the HeLa cell (14) . It had been previously demonstrated that only ribosomal and transfer RNA in bacterial and animal cells contained methylated bases and sugar moities (15) (16) (17) (18) (19) . The methylation of ribosomal RNA, whose methyl groups are found almost entirely on ribose moieties (14, 15) , occurs in the nucleolus at the The Journal of Clinical Investigation Volume 47 1968 level of the 45S ribosomal precursor (14, 20) . This reaction is completely suppressed by the action of actinomycin D (20, 21) , which suggests that the process proceeds only in the presence of a continuing supply of "nascent" RNA. Since the polydisperse nuclear RNA of HeLa cells is not methylated, it was possible with this radioactive label to follow more precisely the various steps in the formation of mature ribosomal RNA (14) .
The second pattern of mammalian RNA metabolism has been described recently in mature duck erythroblasts (22, 23) and in small lymphocytes of chronic lymphocytic leukemia [CLL (24) ]. In these highly differentiated nonproliferating cells the bulk of the newly synthesized RNA has a high sedimentation coefficient (30-80S) but is converted at a very low rate, if at all, to 28 and 18S ribosomal RNA. In the mature avian erythroblast the base composition of the 30-80S RNA labeled for short intervals [15-45 min (23) ] is definitely different from that of ribosomal RNA and more closely resembles that of DNA. In CLL lymphocytes (24) the RNA pulse-labeled for 1 hr had a base composition similar to that of ribosomal RNA; however, it formed DNA-RNA hybrids to the extent of 19-30%o. This occurrence indicates that a substantial part of this RNA consisted of a heterogenous mixture of sequences of nucleotides complementary to DNA. The CLL lymphocytes are functionally impaired, most of them being unable to transform under the action of PHA (25) . Therefore, no inference could be drawn from these studies about the RNA metabolism of the normal small lymphocyte. In the work reported here an attempt has been made to determine some of the characteristics of the rapidly labeled RNA synthesized in vitro in circulating human lymphocytes by studying its sedimentation properties in sucrose gradients, its methylation, and its ability to form RNA-DNA hybrids with homologous DNA. Cells were studied both in the resting state and within 24 hr after phytohemagglutinin stimulation.
METHODS
Preparation of 1imphocyrtes. Leukocyte-enriched plasma was obtained from heparinized blood (10,000 U/500 ml of blood) of normal volunteers after the red cells were sedimented by gravity at 370C in the presence of 0.6% dextran (Abbott Laboratories, North Chicago, Ill.).
Lymphocytes were separated by a modification of the method of Greenwalt, Gajewski, and McKenna (26) . The supernatant plasma was diluted with 1 volume of warm minimal essential medium (MEM) containing penicillin and streptomycin and the suspension filtered slowly at 37°C through a column of commercial nylon fibers (Fenwal Leukopak, Fenwal Laboratories, Morton Grove, Ill.), 25 X 150 mm. Before use the column was washed for 1 hr with distilled water, dried by suction, and autoclaved. The column was rinsed with 1 volume of warm MEM, and the final cell suspension was centrifuged at 1200 rpm for 15 min. The supernatant was discarded, and the cell pellet was suspended in a small volume of autologous plasma and counted. Finally, the cells were diluted with MEM and 20% autologous plasma to a concentration of 2-3 X 106 cells per ml. The average yield was 4-6 X 10' lymphocytes per 500 ml of blood. All operations were performed under sterile conditions. Time course studies. For kinetics experiments, 100-ml cultures were set up in 8-oz prescription bottles. Uridine-5-VH (30.0 c/mmole, Nuclear-Chicago Corporation, Des Plaines, Ill.) and phytohemagglutinin (Burroughs-Wellcome & Co., Tuckahoe, N. Y.), or uridine-'H alone, were then added, and duplicate 10-ml aliquots were taken at different intervals. The content of each vial of phytohemagglutinin was dissolved in 5 ml of water and used at concentration of 0.02 ml/ml. The cells were harvested by chilling on frozen saline and centrifugation at 1200 rpm and washed once with ice-cold saline. Analysis by the Schmidt-Thannhauser procedure (27) Nucleic acid homology studies. The ability of labeled lymphocyte RNA to form hybrids in vitro with unlabeled DNA was investigated by a modification of the membrane filter method of Nygaard and Hall (33) .
Suitable amounts of 3H-labeled RNA were reacted with varying amounts of lymphocyte DNA in a total volume of 0.1 ml of 2 X SSC and 0.05% SDS in glass ampules.
In competition experiments, radioactive RNA was diluted with the unlabeled RNA before it was placed in the ampules. The amount of radioactive RNA used in each experiment was enough to approximately saturate the readily available sites of a designated amount of DNA, and this value was obtained from the saturation curve for each RNA sample. It was assumed that when the radioactive RNA was diluted with an equal amount of unlabeled homologous RNA the amount of radioactive RNA recovered as a hybrid would decrease by 50%o.
Further dilution of the labeled RNA with increasing amounts of unlabeled RNA would allow one to construct a theoretical competition curve and to compare it with actual values. A decrease of radioactivity in the hybrid is assumed to be specific and to result from competition between the labeled and unlabeled RNAs for the same sites on the DNA. When low levels (less than 150 14g of RNA per vial) of unlabeled RNA were used it was possible to perform competition studies which followed the theoretical curve. This maneuver is both practical, as far as amounts of RNA needed for a given experiment, and avoids the problem of nonspecific interference that may result in experiments with very high RNA-DNA ratios (34, 35) . The sealed ampules were heated to 100°C for 15 min, cooled rapidly in ice water, and incubated for 16 hr at 67°C. The content of each ampule was diluted in dioxane-containing phosphor (36) and counted in a Packard Tri-Carb liquid scintillation spectrometer. Radioactive RNA in sucrose gradient fractions was precipitated by addition of 100 Ag of bovine serum albumin and an equal volume of 10% TCA. After standing at 4VC for at least 10 min the precipitate was collected on Millipore filters (AAWP, 25 mm), and washed twice with cold 5%o TCA. The dried filters were counted in a toluenephosphor counting solution. In the hybridization experiments the radioactivity on the filters was assayed in a three channel liquid scintillation spectrometer (NuclearChicago Corp; Des Plaines, Ill.), and the channels ratio method was used to correct for variable quenching. Samples were counted for a sufficiently long time to obtain statistical accuracy of ± 3%o except for the methyl-"C-methionine experiments in which the accuracy was 6%o or better.
RESULTS
Characteristics of the cell population studied. Sedimentation pattern of labeled RNA after incubation with uridine-3H. Fig. 1 shows the sedimentation pattern of whole cell RNA extracted from normal unstimulated lymphocytes after exposure to uridine-3H for 1 and 4 hr. About 90%o of the radioactivity incorporated during 1 hr of exposure to the isotope sedimented in the 30-60S region of the gradient (Fig. 1 a) . The amount of ribosomal RNA labeled did not appear significantly increased after 4 hr of incubation with the isotope (' Fig. 1 b) . Even after 12 hr of incubation more than 75%o of the radioactivity sedimented in regions of the gradient corresponding to S values higher than 30. Only after 24 hr of exposure to the labeled precursor did the percentage of radioactivity associated with 28 and 18S ribosomal RNA definitely exceed that in heavier RNA.
The sedimentation pattern of 1 hr pulse-labeled RNA from lymphocytes preincubated for 1 hr with PHA are shown in Fig. 2 a. The pattern was not significantly different from that in unstimulated cells since most of the radioactivity (807o) sedimented with an S value higher than 30. The difference between these data and those of a previously reported study, in which the synthesis of a polydisperse (4-30S) RNA was reported (42), may be related to improvements in the technique for extraction of mammalian RNA. In fact, the same author, using the RNA extraction procedure described in this paper, has now demonstrated results comparable to those recorded here (43) . After 3 further hr of incubation with the tritiated precursor the sedimentation pattern was quite different (Fig. 2 b) . Three definite radioactive peaks were observed in coincidence with the optical density peaks of 28, 18, and 4S RNA, although 60%o of the label sedimented with heavier RNA. An even higher rate of labeling of ribosomal RNA was found in lymphocytes preincubated for greater than 30 was 75% after 1 hr of incubation with uridine-3H (Fig. 3 a) but only 28o after 4 hr of exposure to the label (Fig. 3 b) . Sedimentation analysis of uridine-3 H-labeled RNA after actinomycin chase. The inhibitory action of actinomycin D on DNA-dependent RNA synthesis was utilized to investigate the fate of the rapidly labeled RNA. The sedimentation pattern of labeled RNA extracted from cells incubated for 1 hr with the labeled precursor was compared with that of RNA extracted from cells labeled for the same period of time followed by a 3 hr incubation with actinomycin D. RNA extracted from cells labeled for 4 hr without actinomycin was also analyzed.
The experiment was performed at the same time on two sets of lymphocyte cultures. In one of them, unstimulated cells were incubated with uridine-2-C"4 (37.0 mc/mmole, Nuclear-Chicago added to the cultures 12 hr before the addition of uridine-3H. The differently labeled RNAs were then run simultaneously on the same sucrose gradient. As shown in Fig. 4 Fig. 4 b. In the PHA-stimulated cells approximately 65% of the remaining radioactivity had become associated with the ribosomal and transfer RNA, whereas most of the radioactivity in the unstimulated lymphocytes still sedimented in the 30-60S region of the gradient. This difference was also observed between RNA from stimulated and unstimulated cultures exposed to the isotope for 4 hr without actinomycin D (Fig. 4c) .
Further experiments were performed with the actinomycin "chase" in order to study the fate of the rapidly labeled RNA synthesized in the early hours after the addition of PHA. Uridine-3H was added to lymphocyte cultures after 1, 3, 5, and patterns demonstrated that the rate of transfer of the label from -the rapidly sedimenting RNA to "mature" ribosomal RNA was strikingly increased soon after the addition of PHA. lated lymphocytes incubated with methyl-14C-methionine (56.8 mc/mmole) for 30 and 150 min in methionine-free MEM. Two peaks of radioactivity were observed at 45 and 4S after 30 min of exposure to the label (Fig. 6 a) . After 150 min two additional radioactive peaks were observed at 35 and 18S, and the degree of labeling in the 4S region was greatly increased (Fig. 6 b) . In lymphocytes stimulated with PHA for 12 hr the earliest methyl labeling (except for 4S) was also in the 40-45S region, as revealed by a 15 min incubation (Fig. 7 a) . However, the appearance of the methyl label in 35 and 18S RNA was much more rapid, two clear peaks of radioactivity being observed after only 30 min of exposure to the isotope (Fig. 7 b) , and after 60 min of incubation the 28S ribosomal RNA peak was distinctly labeled (Fig. 7 c) When increasing amounts of pulse-labeled RNA from unstimulated lymphocytes were incubated with 50 pg of DNA, the highest percentage of counts hybridized was observed at an RNA-DNA ratio lower than 0.5. When this ratio was 1.0-1.5 a twofold increase in the amount of labeled RNA reacting increased the number of counts hybridized by only 25% or less, indicating that relative "saturation" of the DNA was being approached.
When a similar experiment was performed with pulse-labeled RNA from lymphocytes stimulated with PHA for 24 hr. the percentage of hybridization began to decrease at an RNA-DNA ratio greater than 5.
The maximum percentages of hybridization obtained with different RNA preparations from unstimulated and PHA-treated (24 hr) lymphocytes are shown in Tables I and II respectively. The percentages ranged from approximately 14 to 22% in resting lymphocytes (Table I) and from 2.4 to 4.1% in cells stimulated with PHA (Table II) for 24 hr. The percentage of hybridization in PHA cells is similar to that previously reported for RNA extracted from leucocytes of a patient with infectious mononucleosis (44) . When the labeled normal lymphocyte RNA was reacted with DNAs from other sources it was found to hybridize to the extent of 20% of the homologous reaction with mouse DNA, 9%0 with chicken, and not at all with E. coli DNA. These results confirm the specificity of the lymphocyte RNA-lymphocyte DNA hybridization reaction and are compatible with the degree of relatedness among various organisms as demonstrated by DNA-DNA homology studies (45, 46) .
Experiments were performed to assay the ability of preparations of unlabeled RNA from resting and PHA-stimulated lymphocytes, KB cells (human epidermoid carcinoma), mouse lymphocytes (L1210 leukemia), chicken oviduct, and E coli to "compete" with radioactive lymphocyte RNA in the hybridization reaction with human DNA. Fig. 8 In PHA-stimulated lymphocytes the RNA labeled after 1 hr of incubation with uridine-3H also consisted primarily of molecular species of high sedimentation rate, but after 4 hr of incubation most of the label was associated with ribosomal and transfer RNA. Actinomycin D "chase" experiments with PHA for varying periods of time provided evidence that the newly synthesized, rapidly sedimenting RNA in these cells was converted to 28 and 18S ribosomal RNA. This was already true after just 2 hr of exposure to PHA. Thus, a substantial portion of the rapidly labeled RNA synthesized in PHA lymphocytes may therefore be regarded as a precursor molecule which is rapidly converted to ribosomal RNA. The results of RNA methylation in PHA-stimulated lymphocytes clearly showed that the synthesis of ribosomal RNA proceeded at a much higher rate than in normal lymphocytes, although it followed the same sequential pattern. This result in PHA lymphocytes was quite similar to that described in HeLa cells (14) . The results of the hybridization experiments support the idea that a substantial portion of pulse-labeled (1 hr) RNA synthesized in unstimulated lymphocytes is not a ribosomal precursor. The maximum percentage of hybridization of the rapidly labeled RNA ranged from 14 to 22% in resting lymphocytes, but only from 2.5 to 4.0% in lymphocytes stimulated with PHA for 24 hr. The most likely explanation for the decrease in the efficiency of hybridization after PHA stimulation is that a much larger fraction of the label enters the ribosomal precursor RNA in the stimulated lymphocytes. In fact, if one multiplies the maximum percentage of RNA hybridized by the relative rate of RNA synthesis, one sees that even after 24 hr of PHA stimulation there is only a slight increase in the total labeling of that RNA which was hybridized to DNA. These changes in RNA metabolism which accompany the cell growth induced by PHA appear quite different from those reported for the regenerating mouse liver (48) . Church and McCarthy have shown, in fact, that RNA from regenerating mouse liver has a much higher hybridization efficiency than that from normal liver. Also, in their hybridization-competition studies they were able to adequately distinguish between the RNAs synthesized in the normal liver and regenerating liver after partial hepatectomy. They concluded that a number of species of RNA molecules were synthesized in the regenerating liver which were not present in normal conditions. In our competition studies we were not able to demonstrate, in lymphocytes stimulated with PHA for 24 hr, the presence of RNA sequences different from those present in unstimulated cells. Although the sensitivity of the method is not known and prevents any definitive quantification, these results suggest that the pulse-labeled high molecular weight RNA synthesized in unstimulated lymphocytes includes most of the sequences utilized by the cells in their early development under PHA stimulation. However, with mammalian DNA only a portion of the nucleic acid is reannealed in DNA-DNA homology studies under standard conditions (49 
